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I. INTRODUCTION
The purpose of this thesis is to study the effects of the neutrons
in the Plasma Direct Converter (PDC) of the Mirror Advanced Reactor
Studyl (mars) tandem mirror fusion reactor (see Fig. 1). The PDC is
a device which recovers power lost in charged particles from the ends
of the reactor. This study will help in determining the size and the
type of materials in the PDC. MCNP2, a Monte Carlo code, is used for
this neutronics study. The code is able to mock up the full three-
dimensional geometries of the tandem mirror reactor, and of course the
PDC. It calculates the flux and the heating from neutrons and neutron-
induced photons in the PDC. In the next section, the tandem mirror
reactor will be explained.
A. Tandem Mirror Reactors
Tandem mirror reactors (TMR) generate power from the fusion of two
light elements because of the large binding energy of light elements.
The fusion process requires the use of an ionized gas known as a plasma.
Fusion plasmas typically are extremely hot (millions in degrees) in
order for the nuclei to overcome the Coulomb repulsion and collide
(fuse). In fusion reactors, it is easiest to fuse deuterium (D) and
tritium (T) in the following reaction;
D+ + T+ = He++ + n + 17.6 MeV (1)
The n stands for neutrons—the neutrons that this thesis will
study. Note that these neutrons come away with 14.1 MeV of the energy
FIGURE KEY
A. CENTRAL CELL BLANKET MODULE
B. CENTRAL CELL SOLENOIDAL COIL
C. END CELL CHOKE COIL
D. TRANSITION COIL
E. ANCHOR YIN-YANG COIL SET
F. 475 keV PLUG SLOSHING ION BEAM
G. PLUG YIN-YANG COIL SET
Fig. 1. MARS Reactor Configuration
H. 71 GHz OPTICAL ECRH
I. RECIRCULARIZING COIL SET
J. 60 GHz OPTICAL ECRH
K. GYROTRONS
L. HALO SCRAPER
M. GRIDLESS DIRECT CONVERTER
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produced. Because of the high plasma temperatures involved, ordinary
containers in contact with the plasma would burn up and cool the plasma
below fusion temperature. One method of containing a plasma is to use
magnetic fields, since the charged particles that make up the plasma
tend to follow magnetic field lines. Many types of configurations are
possible for these "magnetic bottles"; the MARS reactor uses the "mag¬
netic mirror"3 concept.
Magnetic mirrors are formed by taking a straight bundle of magnetic
field lines and increasing the magnetic field strength at two points.
These two regions of high field strength squeezes the field lines at
those points between which a plasma is confined: as a particle heads
towards these regions, it is reflected by these strong fields; hence
the name, "magnetic mirror." However, the confinement is not perfect
because particles with velocities nearly parallel to the field lines es¬
cape; therefore the TMR is an open ended machine. Pellets of frozen
D-T gas are injected into the TMR to feed the plasma, compensating for
the plasma lost out of the ends.
The TMR is divided into several regions. The center cell, a long
cylindrical region (130 m), is the main magnetic mirror cell where most
of the fusion energy is generated. The magnetic field is formed by a
series of axisymmetric solenoids. The energy of the radially escaping
neutrons is recovered by blanket modules surrounding the center cell.
The blanket modules produce heat, power, and tritium fuel from these
neutrons. At the end of the center cell is the end-plug magnet set. It
is comprised of a set of small mirror cells (thus the name tandem mir¬
ror). In addition to providing better plugging of the center cell, it
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also provides helium ash removal, heating, and magnetohydrodynamic
(MHD) stability for the plasma. The end-tank is the cap for the TMR;
recall that the TMR is an open ended machine, therefore, one needs a
dump to catch the escaping plasma. The end-tank contains pumps (to
maintain vacuum conditions in the TMR) and the PDC.
B. Plasma Direct Converter
The Plasma Direct Converter (PDC) recovers the energy of the
axially escaping plasma from mirror cells of the open ended TMR. The
plasma is composed of ions and electrons; however, the total negative
charge and the total positive charge are equal, leaving the overall
plasma neutral. Therefore the escaping current of ions is equal to es¬
caping electron current in order for the plasma to remain neutral.
Electrical power can be directly recovered by separating the positive
and negative currents.
The plasma confinement is greatly improved by the use of electro¬
static plugging, in addition to magnetic mirrors. The plugging is
achieved by creating^ an axial electric potential profile (shown in
Fig. 2). The potential peak in the plug (point c) prevents the ions
from escaping out past the plug region. The ions are pumped out just
before the plug by radial drift pumping.^ The electrons that have
enough kinetic energy are able to penetrate the negative barrier
potential (point b) and be collected at the PDC. Thus, the negative
and positive currents are separated.
The PDC is composed of three parts (see Fig. 3): (1) the inner
collector, (2) the outer collector, and (3) the halo scraper (although
Fig. 2. Potential and magnetic fields versus axial distance in the End-Tank.
MARS END PLASMA STSTE
HRLO SCRfiPER END CfiP
INNER
OUTER
Fig. 3. Power Direct Converter, inner and outer collectors and halo scraper.
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technically, the halo scraper does not collect electric energy, as de¬
scribed below). The radial drift pumping causes most of the escaping
ions and impurities to exhaust into an outer plasma annulus called a
halo. The halo plasma acts like a buffer zone between the hot core
plasma and the cold tank walls. The halo plasma is pumped into the
halo scraper. The halo scraper is at zero potential due to close
proximity of the tank walls. The collector plates are placed at a
negative potential (this reduces the kinetic and increases the po¬
tential energy of the approaching electrons) to collect the energy of
the electrons. The equation P = IV describes the process of Direct
Conversion, where P is the collected electric power, I is the electron
current, and V is the collector potential. Note that the collector
potential is set by requirements on the center cell potential.^ The
collectors are set off from the tank walls by insulators, which also
act as the support structure of the PDC, to hold a negative potential
separated from the halo and tank walls.
C. Outline of the Thesis
In Chapter II the theory of neutronics is discussed. In this
chapter, the basic equations of the neutronics will be described. The
effects of neutrons and neutron-induced photons is discussed.
Monte Carlo methodology is the subject of Chapter III. An explana¬
tion of the Monte Carlo calculations is described in this chapter. The
importance of Monte Carlo calculations is discussed and the types of
problems which can be solved using Monte Carlo methods. A simple
example of a Monte Carlo calculation is given.
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The latter part of Chapter III gives descriptions of Monte Carlo
codes, MCNP in particular. It gives a description of MCNP and a short
cotnparision of MCNP and TARTNP.^ These two codes are used for a com¬
parative study in Chapter IV.
Chapter IV is a comparative study of MCNP and TARTNP, two Monte
Carlo codes. The motivation for the comparison is two-fold: (1) to
see if the two codes agree and (2) to gain some experience in using
MCNP. The neutronics of the TRW MARS LiPb Blanket Module is studied
with the two codes. Specifically, tritium breeding and energy multi¬
plication values are compared.
The end-tank neutronics are in Chapter V. The MCNP mock up of the
geometry is described in this chapter. The input cards for the geo¬
metry of the end-plug magnet set and the PDC are described. The
materials which make up the magnets, the tank structure, and the PDC
are discussed. A description of the cases run, to show the effects of
center cell neutrons and effects of end-plug neutrons in the PDC, is
given. Different models of the end-plug magnet set were used: (1) as
axisymmetric solenoids and (2) as the actual three-dimensional coils.
Chapter VI will give the conclusions and the results of the neu¬
tronics study. The implications of the results on the design of the
PDC and possibly of the end-plug magnet set are examined.
II. THE REACTOR NEUTRONICS
A. Nuclear Reactions
In this section the theory of reactor neutronics is described.
The description will not be a complete one; it will briefly decribe the
type of reactions that occur in the tandem mirror fusion reactor. As
discussed earlier in this thesis, the process of nuclear fusion is used
to generate power for the TMR. The reaction mixture consists of deu¬
terium and tritium gas fused to form helium. The reaction liberates
17.6 MeV of energy with 14.1 MeV going to a neutron. This highly en¬
ergetic neutron and the possible problems it can create in the PDC is
the main concern of this thesis. Nuclear collisions are the most
important reactions taking place in the TMR at this point. The type
of collisions are neutron-nucleus collisions.
1. Neutron-Nucleus Collisions
The most important nuclear collision in the TMR is the neutron-
nuclear collision. This generally involves a moving neutron which col¬
lides with a stationary nucleus. In the TMR, neutrons will be traveling
with approximately 14.1 MeV of energy. There are primarily three inter¬
actions between neutrons and nuclei in a reactor these are:
(i) Radiative capture (n,Y):
n + nucleus (nucleus + n)* (nucleus + n) + y (gamma) (2a)
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(ii) Scattering (n,n) or {n,n'): (2b)
n + nucleus—>n + nucleus [elastic scattering (n,n)]
> n + (nucleus)* [inelastic scattering (n,n')]
^ n + nucleus + Y[inelastic scattering (n,n')] ;
(iii) Thermal Interactions. (2c)
In radiative capture an incident neutron is absorbed by the nucleus
to form a new or compound nuclei with an increased mass number of one.
This compound nucleus is formed in an excited state (noted earlier with
the *). Eventually the new nucleus will decay to its ground state by
emitting a high-energy photon or a gamma (y) ray.
For the process of scattering, the neutron simply scatters elas¬
tically or inelastically off of the nucleus, although, in certain cases
the neutron may combine with the nucleus to form a compound nucleus for
a short time before being reemitted. Very often the neutron will leave
the nucleus in an excited state and the nucleus will later decay to its
ground state by gamma emission.
For thermal interactions the thermal motion of the nuclei plays a
major role in the neutron-nuclear collision. When the neutron kinetic
energy is comparable to the nuclear thermal energy (low energies <
1 eV) the scattering is greatly affected by resonance effects. More¬
over the scattering will be determined by the temperature and the
physical state (solid, liquid, and gas) of the material which the nu¬
cleus finds itself in. This complicates the nuclear cross sections for
thermal neutrons and requires the use of special models, namely the
S(a,3) and free gas models. The nuclear cross section (microscopic and
macroscopic cross sections) will be discussed in the next section.
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In the free gas model, the thermal neutron is scattered by a non¬
stationary nucleus. The relative velocity of the neutron and the nu¬
cleus, as well as the mass of the nucleus, are very important parameters
in the scattering. The effective scattering cross section for an in¬
coming neutron of kinetic energy E in the lab system is:
(3)
where Vp is the neutron scalar velocity, V is the target nucleus sca¬
lar velocity, the relative velocity between them is Vpg], and u^ is the
cosine of the angle between the nucleus and the neutron direction of
flight vectors. The equation for v^ is:
Vel = * ^2 - 2v„ Vut)l/2 (4)
The cross section for the scattering at the relative velocity is
as(rel) and the probability functions, p(V), for the Maxewellian dis¬




of neutron mass, k is the Boltzmann constant, and T is the equilibrium
temperature of the nucleus^.
The S{a,s) model considers the scattering of thermal neutrons by
crystalline solids and molecules. This representation has two allowed
processes: (1) inelastic scattering, a-j^ and (2) elastic scattering,
p
The inelastic cross section is obtained from the ENDF/B'^ nuclear
cross section library, while the elastic cross section is determined by
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the lattice parameter. For materials of ag] f 0, the elastic scattering
has the probability/
B. Nuclear Cross Sections
The quantity which characterizes the probability of a neutron-
nuclear interaction is known as the nuclear cross section. The total
number of possible nuclear reactions which can occur is characterized
by the total nuclear cross section. There are two types of nuclear
cross sections: the microscopic cross sections and a macroscopic cross
sections.
1. Microscopic Cross Sections
Let a beam of neutrons, traveling with same velocity, be incident
normally and uniformally across the surface of a material. If the tar¬
get or material is very thin (for example, one atomic layer thick),
then no nuclei are shielded from the incident neutron beam. Therefore
the rate of neutron-nuclear interaction will be proportional to the
beam intensity I (in units of number of neutrons/cm^-sec) and the num-
ber of atoms per unit area Np^ (—of the target material. If a is
cm'^
the constant of proportionality, then the rate of reactions occuring
per unit area on the target material is:
Rate E R = al Na (6)
where a is in units of an area (cm^). We define the microscopic cross
section as a. This cross section can be considered as the cross sec¬
tional area presented by the nucleus to a beam of neutrons. The nuclear
radius is about 10"12cm, so the geometrical cross sectional area of the
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nucleus is approximately 10"24 cm2 or a barn (b) (the usual measure of
the microscopic cross section). Sometimes the geometrical interpreta¬
tion for the cross section is misleading because a can be much larger
or much smaller than the geometrical cross section of the nucleus.
This can occur due to resonance effects, which are due to the quantum
mechanical nature of the neutron and the nucleus.
Another way to define the microscopic cross section is writing our
equation as:
(R/N^) (7)
Now, if the total cross sectional area of the target, uniformly ex¬
posed to the beam of neutrons, is A then ^ is the probability per nu¬
cleus that a neutron will interact with it.4
The microscopic cross section can be defined for each type of nu¬
clear reaction and each different nuclide. The two types of nuclear re¬
actions discussed earlier, radiative capture and scattering, can be de¬
noted byo^, and og, respectively. Note that the scattering cross sec¬
tion can be written as:
^s = ^e +^-n. (8)
The absorption cross section, where a nucleus absorbs a neutron,
can be defined in a similar sense. There are number of types of ab¬
sorption reactions (Og) including fission (c'f which does not take place
in the TMR due to lack of fissile material) and radiative capture.
This leads to a concept of total cross section ay which can character¬
ize the probability of any type of neutron-nuclear reaction occuring.
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For example, the probability of scattering interaction is:
Ps = ^ (9)
where oj = 05 + 03= Og + o-jp + + . . .
Thus far the beam of neutrons has uniform speed and is incident
normally upon the target material. If measured, the cross sections
will vary, dependent on the incident energy and direction of the
neutrons. When the microscopic cross section for various incident
neutron energies is measured, it shows a very strong dependence upon
the energy of the incoming neutrons. In general, the neutron cross
section depends weakly upon the incident angle and is almost always
ignored in the reactor applications. In other words, the angular dis¬
tribution is taken to be a constant.
2. Macroscopic Cross Sections
In defining the microscopic cross section the neutrons were inci¬
dent on a very thin target material. If the target was thicker, then
the nuclei deeper in the target material will be shielded by nuclei
nearer to the surface. Now the neutron-nuclei interaction will remove
neutrons from the beam and therefore prevent interactions with nuclei
deeper inside the target material. In order to account for the finite
target thickness, the beam is now incident upon the surface of a tar¬
get of arbitrary thickness. It is possible to derive an equation for
the beam intensity I(x) at any point x in the target. This beam inten¬
sity is the portion of the beam that has not interacted with any of the
target nuclei. Consider a differential thickness of the target from x
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to X + dx. The rate at which neutrons will suffer interactions in dx
per cm2 must now be calculated. The number of target nuclei per cm2
is given by dN/\ = N dx, where N is the number density of nuclei in
the target. Therefore, the total reaction rate per unit area is dR =
I clN;\ = oy I N dx. Note, any type of interaction will depopulate
the incident neutron beam, consequently, the total microscopic cross
section is used in computing dR.
The microscopic reaction rate that decreases the beam intensity
between x and x + dx is:
-dl(x) = -[I(x + dx) - I(x)] = I N dx. (10)
The differential equation obtained by dividing by dx for beam in¬
tensity I(x) is:
^ = -N a, I(x). (11)
dx
Solving this differential equation, subject to an incident beam in¬
tensity of Iq at x=0, we find an attenuation given by:
I(x) = Ige^'^^T^). (12)
The product of oy the microscopic cross section and N the atomic
number density is the macroscopic cross section. It is denoted by the
symbol Sy and has units of:
Ty [#/cm^] [cm^] = [cm~^]. (13)
It should be noted that ^y is not a cross section since it has units
16
of inverse length; it is much better to intepret as the probability
per unit length that a neutron will undergo, a reaction with a nucleus
in the target. So now it is possible to calculate the average distance
a neutron can travel before having a reaction with a nuclei; it is
given by the expression:
X E /“ dx X p(dx) = /” dx X e" ^ i . (1'^)
0 1 O Ey
This quantity is known as the neutron mean free path.5
III. THE MONTE CARLO METHOD
A. Monte Carlo Method
The basic principle of the Monte Carlo (MC) method is the use of
random numbers to solve multidimensional mathematical problems.^ MC is
much more efficient for solving multidimensional problems than conven¬
tional "deterministic" numerical methods such as Runge-Kutta or Simp¬
son's Rule. To illustrate the MC methods' advantage over the conven¬
tional methods, consider a one-dimensional integral and the equivalent
MC approximation:
f(x) dx = iz f(l,) (15)
where 0 < 1i < 1.
For multidimensional integrals,
//..../f(X]_....Xf^) d'^x. (16)
there are generally no simple formulas but most use a relationship of
the form:
fl = f(l^'h, 1(^)3, . . ., (17)
To solve multidimensional problems by deterministic methods are
clearly more difficult and more time consuming than generating random
numbers and evaluating the function at these points.
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Multidimensional problems arise often in transport phenomena in¬
volving many particles, as is the case here. We can use random numbers
to represent the random motion of neutrons. In this thesis, we are con¬
cerned with particles emanating from a source and finding what percen¬
tage, after undergoing certain processes in a material medium of known
geometry, can be expected to terminate in the PDC.
The systematic development of MC methods can be traced to the Man¬
hattan Project at Los Alamos Laboratory in the middle 1940's (although
there are a number of earlier cases of the use of crude MC).^’2 Niore
recent development of the MC method is centered around MC use in neutron
and photon transport studies. The MC method uses and advances parallels
the development of high speed computers:^ without the high speed com¬
puter, MC calculations would be entirely impractical due to the large
quantity of random numbers needed.
The use of MC methods in neutron and photon transport is possible
because all the important probabilities are known for the possible (ele¬
mentary) events during the life history of each particle. In the MC
method each particle (out of a large number of particles) is actually
followed throughout its life history (from the source) to its death
(termination). Throughout its life history the elementary probabili¬
ties, based upon the physics of the material medium, are used to deter¬
mine its fate (energy, direction, position, etc. after a specific
collision) at each stage in its career.
In the MC method the "fundamental principle" upon which all else
rests is the use of random numbers. It is very important to have some
source of random numbers equally distributed on the inteval 0 < r < 1.
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An ideal generator of random numbers is to spin a wheel of uniform
scale. However, computers use computational algorithms, which are com¬
puter (system) dependent. Descriptions of these types of algorithms
can be found in the literature.^
Random numbers are generated for each event in the particles' life
history. For example, consider a particle is traveling through a homo¬
geneous medium with four different nuclei types. A, B, C, and D. The
probability of collision, of the particle in the medium, with A is 0.1,
with B is 0.2, with C is 0.3, and with D is 0.4. Now if a number N of
random numbers is produced, then approximately:
O.IN will be in the interval 0 <. r < 0.1
0.2N will be in the interval 0.1 ^ r < 0.3
0.3N will be in the interval 0.3 _< r < 0.6
0.4N will be in the interval 0.6 £ r < 1.0
and the larger N becomes the better the approximation will be. It is
clear how the random number can be used to decide which of the four
nuclei will be involved in the event of a collision. Random numbers can
be used to help decide the results of each event that takes place in
the life history of the particle.
B. Monte Carlo Codes
The two Monte Carlo codes used in the Chapter IV for a comparative
study will be discussed in detail below. MCNP is the code used in the
neutronics study for this thesis and it is compared with TARTNP, an ex¬
tensively used code at Lawrence Livermore National Laboratory.
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The Monte Carlo code, TARTNP calculates the transport of neutrons,
photons, and neutron-induced photons. The cross sections are derived
from the Evaluated Nuclear Data Library {ENDL}^.
TARTNP is a merger of TORTE®, a photon transport code, TART^, a
neutron transport code, and a routine used to calculate neutron-induced
photons. The output of TARTNP is very flexible: (1) a problem can be
divided into a maximum of 110 zones (cells); (2) there are up to 17
different output tallies (ways to calculate particle transport); (3)
individual zones can be examined; and (4) elements in a zone or zones
can be examined individually. Specular reflections can be specified to
save time and effort on some problems. The reflections can be calculated
from planes and quadratic surfaces.^
MCNP is a general purpose Monte Carlo code that can be used for
neutron, photon, or coupled neutron-photon transport. MCNP can use ar¬
bitrary three-dimensional configuration of materials in geometric cells
(maximum of 179 cells) bounded by first- and second-degree surfaces and
some special fourth-degree surfaces (elliptical tori). MCNP has a geo¬
metry plotter as a standard feature.
All neutron reactions given in a particular cross section evalua¬
tion (such as ENDF/B-V) are accounted for in the calculation. Thermal
neutrons can be described by either the free gas or S(a,6) models.
MCNP takes account of coherent and incoherent scattering for photons.
One of the best features of MCNP is the extensive cross section
data collection. Pointwise cross-section data of considerable detail
is used in MCNP. MCNP is able to use a number of different cross
section data libraries. MCNP can be used with "continuous" neutron
21
cross section data library or with "discrete" neutron cross section data
library. "Continuous" refers to linear-linear interpolated fits of suf¬
ficiently dense energy points (typically from a few hundred to several
thousand points). MCNP also has the ability of using a "thinned con¬
tinuous" energy where the tolerance for matching the original data is
not as rigid. When all neutron cross section data has been reduced to
240 energy groups, they are called "discrete" cross section data. The
reason for the three forms of neutron cross section libraries is the
reduction in length of computer time and memory needed.
The code has five standard sources and the flexibility to allow a
user written source routine. The MCNP sources (which can be energy
biased or directionally biased) are: (1) point isotropic, (2) outward
cosine distribution on a spherical surface, (3) inward cosine distribu¬
tion on a spherical surface, (4) uniform volume distribution, and (5)
planewave source.^
In some MC calculations long run times are needed to determine a
quantity with acceptable precision. Consequently, steps are taken to
improve the efficiency of the sampling technique. This is called "im¬
portance sampling". The techniques used to improve importance sampl¬
ing are known as "variance reduction" techniques. MCNP has a large
number of very good variance reduction techniques.
A very important concept in MC, in order to understand the various
reduction techniques, is that of particle weight. The weight is the
number of physical particles that are represented by a MC particle.
The weight is also another way of referring to a particle's value or
importance. When a particle (a neutron or a photon) leaves the source.
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it generally has the weight of unity. As the MC code tracks the par¬
ticle through the geometry, its weight is reduced every time it has a
collision, the reduction being proportional to the collision probabil¬
ity. The code stops tracking the particle when its weight falls below
a given limit. Sometimes computer time can be saved by considering
two identical tracks, "killing" one and doubling the weight of the
other. When trying to duplicate an experiment with a source strength
S, it is convenient to assign the value S to the starting weight of
the source partical for normalization of the MCNP output.
MCNP has a total of twelve different variance reduction techniques.
The reader is referred to the references for the details of each proce¬
dure.
MCNP has a very elaborate tally system and user interface to make
any conceivable calculation. The MCNP output can give currents as a
function of direction across a surface, a set of surfaces, segments of
surfaces, or a sum of surfaces in a problem. It can output fluxes
across any surface or set of surfaces. Some of the standard tallies
are the fluxes at designated detectors and the average flux in a cell.
MCNP also has tallies that give energy deposition in specified cells.
It can output reactions such as absorptions, fissions, tritium produc¬
tion or any product of the flux times the one hundred standard ENDpH
reactions and several nonstandard reactions with any of the MCNP tal¬
lies. MCNP can tally any quantity of the form:
Cf <}>(£) f(E) dE (18)
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where 4>(E) is the energy-dependent fluence, and f(E) is any product or
summation of the quantities in the cross section libraries or a user
provided function. All of the tallies are functions of time and energy
and are normalized to per unit starting particle.^2
IV. THE COMPARATIVE STUDY OF MCNP AND TARTNP
This section will describe a comparative study of two Monte Carlo
codes, MCNP and TARTNP. The study was done by comparing the neutronics
of the TRW MARS LiPb Blanket Module^ (see Fig. 4) as computed by the
two codes. Specifically, the tritium breeding and the energy multipli¬
cation values were compared. The motivation for this study was two¬
fold: (1) to see if the codes agree; and (2) to gain some experience in
using MCNP.
The TRW neutronics study was done using the Lawrence Livermore
National Laboratory (LLNL) code TARTNP. TARTNP is an extensively used
and well documented neutronics code in the fusion reactor community. I
have used the Los Alamos National Laboratory code MCNP (Monte Carlo Neu¬
tron Photon) to benchmark TARTNP results of tritium breeding and energy
multiplication. Although MCNP is also a well used and documented neu¬
tronics code, its users are mainly in the fission community. Hence I
have undertaken this comparative study to check the applicability of
MCNP to fusion problems. I have used the TRW Blanket as the compari¬
son problem because it is sufficiently difficult and of relevant in¬
terest to TRW and the MARS group.
As explained in the introduction, the blanket modules are used to
recover power, and produce tritium fuel from the radially escaping neu¬
trons in the central cell. The tritium breeding is the amount of




produced through neutron interaction with Li in the blanket modules.
The tritium is to be used as fuel for the D-T cycle. The energy mul¬
tiplication is the degree to which the incident 14.1 MeV neutron energy
is multiplied in the blanket due to various exothermic reactions. The
neutrons undergo a number of interactions in the blanket such as those
described in Chapter II. These interactions deposit energy in the
blanket module which is utilized in a power cycle with LiPb as the
working fluid (which in turn heats water to be used in a steam cycle).
MCNP produced results about 1% to 8% higher than TARTNP for tri¬
tium breeding and energy multiplication. The results are as follows:
TARTNP MCNP
(discrete) (continuous) (discrete)
Energy Multiplication 1.114 1.196 1.206
Tritium Breeding 1.126 1.181 1.142
The values above are given as per 14.1 MeV source neutron. The la¬
bels "continuous" and "discrete" indicate types of cross section
libraries. "Continuous" refers to linear-linear interpolated fits of
sufficiently dense incident neutron energy points, while "discrete" re¬
fers to distinct data points.
The neutronics cross sections used in TARTNP are from ENDL, an
LLNL library. TARTNP is unable to handle the hugh data base of ENDL,
therefore the neutron cross section data is reduced to "discrete"
energy groups by the code.
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Continuous energy neutron cross section data for MCNP are available
from several libraries. The nuclear data originating from ENDF/B-V
was used in our calculations. MCNP has the flexibility to use the hugh
' "continuous" energy data base or a reduced "discrete" version of the
same cross section library. The ENDF/B was recommended by the Univer¬
sity of Wisconsin as the best cross section library to use with MCNP.
The materials used in the input files of MCNP and TARTNP are
exactly the same. The geometries are the same except for the following:
(1) in the MCNP geometry, the blanket module was split in half by one
reflecting plane perpendicular to the reactor axis to reduce the comput¬
ing time (see Fig. 5); (2) due to the input logic of MCNP, 6 cells 21,
22, 23, 24,25, 26 in TARTNP were combined into 3 larger cells in MCNP
(see Fig. 6 and 7, preserving materials and geometry, of course).
Note: the geometries are fully three-dimensional (see Fig. 7 and 8),
and reflecting planes can be used along symmetry planes to reduce
computing time; reflecting planes reverses a particle motion in a
perfectly elastic specular collision.
Note that in both the TARTNP and MCNP runs, no "games" such as
"splitting" or "russian roulette" were played; the runs were strictly
analog capture.
The numbers for the energy multiplication and the tritium breeding
from the two codes are in good agreement. Thus MCNP will produce
reliable results when applied to the TRM PDC. It is the opinion of the
writer that the majority of the differences in the numbers from the two
codes is due to the different cross section libraries used by the codes.
In the MCNP run, there is a 1% to 3% difference in the "discrete" num-
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TARTNP
Fig. 5. 1-D and 3-D TARTNP Neutronics Models.
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TARTNP
"NON-PLENUM" AND "NON-END-CAP" ZONE NUMBERS




Fig, 8. 3-D MCNP Neutronics Model at z = 188 cm.
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bers and the "continuous" numbers. I would expect an even larger dif¬
ference in the numbers from two different neutron cross section data
libraries which is the case in this report.
V. THE END-TANK NEUTRONICS
In this section of the thesis the neutronics of the end-tank (PDC
and End-Plug Magnet Set (see Fig. 9)) will be described and the results
presented. The MCNP input used is described, especially the geometry
input for the different magnet set models. The materials which made up
the parts of the end-tank are described. The End-Plug Magnet Set geome¬
try was used because neutron scattering is expected by the massive
amounts of material which comprise these coils, and also the shape of
the coils should play a factor in determining the angles and directions
of the scattered neutrons. The neutron source models are also discussed
and the various tallies and associated errors are thoroughly analyzed.
The results of the neutron flux in the PDC are given and compared with
results obtained by the University of Wisconsin.
A. Geometry
The input geometry of MCNP as discussed earlier uses a combination
of planes and quadratic surfaces to form almost any possible configura¬
tion. Depending on the case used in MCNP, there were from 51 to 100
surfaces needed to mock up the end-tank geometry. The surfaces consist¬
ed mainly of cylinders and planes. The collectors and the halo scraper
of the PDC required the use of spheres, as did the insulator diagnostic
cells in the PDC. The geometry specifications incorporated the advan¬
tages of using the quadrupole symmetry of the end-tank. Two specular
reflecting planes were placed through the entire geometry at x = 0, and
33
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Fig. 9. The end cell magent set and 5 central cell solenoid magnets.
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y = 0. This reduced the volume of the end-tank by a fourth, and conse¬
quently reduced computer time and the number of source particles needed
for good statistics by a fourth, while maintaining the validity of the
geometry. The outside of the concrete covering and the outsides of re¬
flecting planes have little importance: any neutron track entering
such a region is immediately terminated. Thus neutrons that have
entirely escaped the geometry are no longer tracked.
The PDC consist of 3 cells (zones) with surrounding diagnostic
cells, and the tank walls. The inner, and outer collectors and the
halo scraper are composed of vanadium with a density of 6.2 with
thickness 0.75 cm. The inner collector is very similar in shape to a
shallow bowl or a concave mirror. The radius of the inner collector is
1079 cm. For the purposes of determining the radial profile of the neu¬
tron flux at the inner collector, it was further divided into a total
of 9 smaller zones. The outer collector and the halo scraper are
concave annuli with respective radii of 941 cm and 772 cm (see Fig. 3).
The halo scraper described in MCNP is in actuality a simple model of a
more complicated figure (see Fig. 10). The void areas of the end-tank
(where no materials are present) consisted of deuterium gas at
1.07X10~9 . The tank walls are of 500 cm radius, 5 cm thick, and
made of 304 stainless steel. The outside of the tank was covered by
400 cm of pseudo concrete (a conglomerate of silicon and oxygen). The
diagnostic cells contain the same material and density as the tank void
areas. There are three diagnostic cells for the insulators which










are for the possible placing of cryopanels which would be attached to
the tank walls (see Fig. 11).
In the End-Plug Magnet Set there are four separate geometries used
to represent the magnets for the neutronics calculation. One geometry
used the actual shapes of the Yin-Yang magnets (see Fig. 12) encased in
shielding; this geometry is denoted as the tankns file. The other case
used the same coil shapes with the added coil support structure (see
Fig. 13); this is denoted as the tankws. The remaining two cases were
solenoidal mock ups of the estimated mass and length of the shielding
with the enclosed coils. The solenoid mock up of the End-Plug Magnets
is called solens (see Fig. 14). The solenoidal mock up with the coil
support structure is denoted as solews (see Fig. 15).
The materials remained the same in all cases of the End-Plug Magnet
Set. The void areas are the same as they were in the POC. The radius
of the tank walls in this section is 700 cm and 5 cm thick. The tank
is covered by 200 cm of the pseudo concrete. The support structure for
the solenoidal mock up case is the 304 stainless steel with the same
density used before. The structure in tankws had the same materials as
the 304 stainless steel but with a much lower density. The shape and
size of the structure placed about the End-Plug Magnet Set was first de¬
cided to be large box beams (see Fig. 16). The decision at the time of
this writing was to replace the solid box beams with hollow (plated)
box beams. Due to the number of cells needed to mock up the plate
structure, the solid box beams were approximated along the sides of the
Yin-Yang coils as in Figure 16. A steel plate was placed over the top
of each individual coil instead of the beam like structure shown in
CO
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Figure 11. MCNP End Tank Neutronics Model
A. Tank Walls
B. Concrete covering




G. Cryopanei diagnostic cells
H. End Cell Magnetics
I. To Center Cell Section
Fig. 12a. Tankns model at x = 0 cm.
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Fig. 12b. Tankns model at x = 85 cm.
Fiq. 12c. Tankns model at x = 185 cm.
o
Fiq. 12d. Tankns model at y = 0.
Fig. 12e. Tankns model at y = 85 cm.
Fig. 12f. Tankns model at y = 185 cm.
-
(\3
Fir,. 13b. Tankws noJol at x = 85 cm.
U>
Fig. 13d, Tankws model at y = 0.
Fig, 13e. Tankws model at y = 85 cm,
-ffc




Fig. 12g. Tankns model
at Plug Yin-Yang #1.
Fig. 13g. Tankws model
at Plug Yin-Yang #1. -
Fig. 14. Solens model
“/ JJTl ]' I
c
Fig. 15. Solews model
Fig. 16, End-Plug magnet set with support structure.
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Figure 16. The density was reduced to produce the actual mass of the
plates in the box beam volume, leaving a density of .70 . This model
of the structure will appear to a neutron the same as the more compli¬
cated (plate) structure.
The coils are a combination of tungsten lead-oxide of density
g
16 .(Note: more recent MARS design use an iron shield for the mag¬
nets instead of the tungsten lead-oxide shield) and copper at a den¬
sity of 6.23 . To conserve memory on the computer a uniform re¬
duced density of tungsten lead-oxide was used. The mass of the copper
and the mass of the tungsten lead-oxide for each coil was added together
and divided by the total volume of the shielded magnet, creating a
tungsten lead-oxide with a density of 13.2 . The last solenoid,
which is called the direct converter solenoid, is entirely of copper
with no shielding. It is not expected that this magnet will require
any shielding. Table 1 lists the important dimensions of the End-Plug
Magnet Set, the Yin-Yangs (see Fig. 17) from tanks or tankns or tankws,
the choke coils, and the solenoid mock ups (see Fig. 18) from solens
and solews.
Table 1. Dimensions of End-Plug Magnets (in meters).
Names No Shielding Shielding
n r2 r3 ^4 n r2 ^3 r4 h
Trans. Y .90 1.30 2.45 4.05 .20 1.35 1.70 4.20 .0
Anchor Y-Y.90 1.30 1.70 3.30 .20 1.35 1.35 3.45 .500
Plug Y-Y .90 1.30 2.45 4.05 .20 1.35 1.70 4.20 .400
Recir.
Yin .90 1.30 1.70 3.30 .20 1.35 .95 3.45 .0
Choke (1) .30 .83 .30 .85
Choke (2) .30 2.43 1.50 2.65
PDC Sol. .85 1.35 .85 1.85
Trans. Sol. .20 2.28
Anchor Sol. .20 2.22
Plug Sol. .20 1.87
Recir. Sol. .20 1.94
The mass of coil support structure in ilOlews (see Fig. 18) can be
estimated from the following table (Table 2) which shows the radius of
each solenoid, rj, the corresponding radius of the support structure,





Fig. 18. Solenoid and choke coils radii for Tables 1 and 2.






Transition .20 2.28 2.35 5.55
Anchor .20 2.22 2.85 7.10
Plug .20 1.87 3.08 8.00
Recir. .20 1.94 2.36 4.20
B. Source
In order to mock up the plasma source of neutrons a number of
sources were needed by MCNP in different axial locations throughout
geometry. The end-plug can be divided into four neutron source regions:
the choke, the transition, the anchor, and the plug. In addition to
these, of course, there is the central cell neutron source. These
source strengths have been calculated.! The MCNP sources are allowed
to be only in one cell per run and allowed only one source strength per
run. Each of the sources emit neutrons of 14.1 MeV energy.
The source was taken to be uniform and isotropic in distribution
and direction in a cylindrical region. However, the source has a bias
so that the starting directions of the neutrons lie within a specific
cone. The bias is used to save time on neutrons whose direction of
flight is not into the relevant (important) regions. This bias is
used judiciously because these "unimportant" regions may contribute
to tally scores through reflections and back scattering. In some of
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the models used the statistics were very bad without the bias. The
biasing will reduce the weight of the starting neutron by the factor:
zA
2 (20)
where u is the cosine of the starting angle.
The center cell source was modeled by a tube 129 m long and radius
.40 m. (Note that the approximate length of the actual center cell is
129 m, while the first wall radius is approximately 0.60 m.) The area
surrounding the center cell source was given zero importance (outside
the first wall radius) for two reasons: (1) to mock up the effect of
the center cell blanket modules, (2) to save needless tracking of neu¬
trons which will be absorbed in the blanket modules. The neutrons were
biased to within a 20 degree cone. The biasing was needed to get neu¬
trons into the PDC and obtain good statistical results for the neutron
flux. The source strength of the central cell was taken to be 8.32X10l8
neutrons per meter-second.
The center cell source in solens and solews was the same for both
files. The bias was on the same tube-like source in the 2 tank examples.
The source was biased even more than the tank files. The bias angle
was 5 degrees, in other words, the starting source neutrons were confined
to a cone of 10 degrees (apex angle). The bias was along the Z axis to¬
ward the PDC. This was necessary because the statistics from these
cases was very poor without biasing.
The source of the End-Plug Magnets in the four cases was exactly
the same. To run these cases a lot of computer time was required and
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it was necessary to run only one case with one source to represent the
End-Plug Magnet Set sources. The sources for the different regions in
the end-tank are very different in strength. Table 3 shows the relative
strength of the source at the axial mid-point of each region.
Table 3. The Source Strength at the Axial Mid-points of the End Plug
Regions.






Since the MCNP standard sources could only start in one cell and
have only one source strength it was necessary to supply our own source.
This is possible because MCNP allows for a user written source.
A tubular cell was constructed along the length of the End-Plug
Magnet Set from the choke coil to the plug (the recircularizer coil has
no neutron source). Within the cell we directed MCNP to uniformly dis¬
tribute the starting positions of each test particle. The starting
weight (actual source strength) of each particle was determined by its
starting Z value. In this way the actual source profile was approximated
by one meter increments (see Fig. 19). In each meter interval, the
starting weight was determined by averaging the actual source strength
NEUTRONS/METER-SEC
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NEUTRON SOURCE STRENGTH PER UNIT LENGTH
Z IN METERS




over the interval. Thus we constructed a step-wise model of the neutron
source through the End-Plug.2
Finally, for this problem, all photons were neutron-induced from
the (n,T) interactions.
C. Statistics
The main goal of the statistical "games" played in the runs was to
get as many neutrons to the PDC as possible. Often, the farthest
sources gave little or no particles in the PDC with straight analog (no
games) statistics; therefore, all neutron capture or collision was done
with implicit capture. The main variance reduction technique used was
"importance sampling". This means that when a neutron is traveling in
an important direction, it travels into cells of greater importance,
thus splitting into more tracks. Traveling in an unimportant direction,
the number of tracks decrease and the track will undergo "russian
roulette". The "importance sampling" was fairly similar in the diffe¬
rent geometries used. In all the center cell cases, the importance of
cells in the direct line of sight from the central cell plasma to the
PDC were increased from importance 1, for the source cell, to importance
5, for the PDC. All the remaining cells in the center cell cases, as
well as the End-Plug cases, carried cell importance 1.
Neutron and photon cutoffs are required input for MCNP. The cut¬
off is the limit a particle reaches when MCNP decides the particle is
not important enough to continue tracking. The energy cutoff for the
neutrons was 2.5X10"8 MeV and for the photons was I.OXIO"^ MeV. The
time cutoff was the MCNP default value for both particles. This de-
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fault value is for practical purposes infinite; it has a value of
1.0X1023 shakes (where 1 shake = 10^ sec.). The weight cutoff for both
photons and neutrons was .0001 of the starting particle weight.
0. Results
Table 4 gives the average flux on the 3 parts of the PDC as computed
by MCNP for the different geometry models. The table also gives the flux
for the PDC computed with MCNP by the University of Wisconsin at Madison
(UWM). Note the center cell flux computed by UWM was an analytic calcula¬
tion of the inner collector only. Only unscattered neutrons are includ¬
ed in that analytic calculation.
The average neutron flux on the inner collector in Table 4 is cal¬
culated from a radial average of the flux in several smaller zones,
each flux having a different statistical error. Therefore no error is
displayed for these averages. (See the radial distribution of errors
in Tables 6-15 in Appendix A.) The collector was segmented into 10 cm
concentric regions for the first 50 cm and 50 cm regions for the rest
of the collector surface. Because of the quadrupole symmetry of the
tank geometry, the flux will also depend on the azimuthal angle around
the Z-axis. We have not attempted to resolve this dependence here,
leaving such detail for further work.
Examining Table 4, we see that the fluxes for the inner collector
are quite sensitive to the coil geometry assumed. Comparing the Tank
series of cases with the solenoid set, factors of 3 differences in flux
can be seen. We believe this is due to increased number of penetrations
which exist in the complete Yin-Yang geometry, through which neutrons





outer collector halo scraper
tankns cc 22.945 7.6451 (+11%) 5.9766 (+11%)
cc* 8.3200
ep 1.0472 0.5105 (+7%) 0.4377 (+6%)
tankws cc 20.666 7.5628 (+9%) 6.7455 (+8%)
cc* 7.6100
ep 1.2401 0.7181 (+6%) 0.6836 (+5%)
solens cc 6.4829 1.6385 (+12%) 1.2734 (+12%)
cc* 2.7808
ep 0.1289 0.0427 (+25%)? 0.0358 (+22%)?
solews cc 0.3156 0.0097 (+54%)? 0.0066 (+^51%)?
cc* 0.2680
ep 0.0170 0.0010 (_f43%)? 0.003 (+63%)?
UWM cc 0.494 n.a. n.a.
ep 5.090 (+7%) 0.478 (+12%) 0.333 (+13%)
Th"is flux i's'"that *due to uncoTTideU 14.T'MeV neutrons.
? - Very bad statistical error for the flux values.
t - Errors represent percent of standard deviation. The abbreviations
"cc" and "ep" stand for center cell and end plug, respectively.
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can stream. Note that the addition of structure does not change the
fluxes appreciably. It is interesting to note that although the struc¬
ture reduces the average flux on the inner collector due to the central
cell source, the structure actually increases the flux due to end-plug
source slightly. Also note that the flux on the outer collector and
halo scraper is due primarily to scattered central cell neutrons and
not from the end-plug generated neutrons. Another area where the tank
and solenoid runs differ is in the fluxes measured in the outer regions.
The differences are due to the increased neutron pathways in the tank
geometry.
It is important to compare the present work with calculations done
by others. For the MARS study, UWM has done a preliminary analysis of
the fluxes in the PDC. As far as the fluxes in the outer collector and
halo scraper, our tank runs without structure agree fairly well. How¬
ever, we find a considerably larger flux on the inner collector for
most of our geometries. This is due to two effects. First, there is
an appreciable component of the flux from the central cell source due
to scattered neutrons, approximately a factor of three, which is not
taken into consideration in the UWM calculation. Second, our unscat¬
tered average flux is appreciably higher than their value. We think
this is due to the differences in the geometries we have modeled. UWM
used a geometry which resembled a "cocoon" of tungsten shielding which
followed the contours of the plasma quite closely.3 As we shall show
shortly, we agree with the UWM number for the uncollided flux at the
center of inner collector using the tank geometry, but show a more gra¬
dual fall off with radius, which will affect the average value. The
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fact that we get larger fluxes from the center cell sources makes one
of our basic conclusions different than that of UWM: namely, the
central cell contributes more flux at the PDC than the end cell. We
have also discovered that for the solenoid geometry with structure that
we modeled, the flux due to central cell sources falls off at virtually
the same rate as the UWM result. This is to be expected because this
model for the end cell magnets looks, to central cell generated neutrons,
quite similar to the close-fitting UWM geometry. There is however a
large discrepancy between our results and UWM for the fluxes due to end
cell neutrons. We are not certain of the exact reason for the discre¬
pancy, but we think that it is related to the fact that UWM models the
fan-shaped regional of the plasma, whereas we assumed a cylindrical
plasma. End cell neutrons might have a better chance to reach the PDC
if they have wide-open fan regions to stream through.
Our radially resolved fluxes for the inner collector are shown in
Figures 20-28. There is considerable information in these graphs, but
we will only mention a few key points here. Although the average fluxes
shown in Table 4 are similar, with and without structure, the detailed
distribution can vary. This can be seen by comparing the tank cases
shown in Figures 20 and 21. Note that at 40 cm, in the case without
structure, there appears a peak in the end cell flux which disappears
when structure is added. This is due to the reduction in penetration
sizes when structure is included. This peak is considerably larger
than the statistical error for that point, so it cannot be attributed
to scatter in the results. Another interesting affect of structure can
be seen by comparing Figures 24 and 25. The uncollided flux drops off
FLUX(N/CM-CM-SEC)
FLUX VS RADIAL PROFILE AT INNER COLL.
RADIAL DISTANCE (CM)
Fig. 20. Tankns model total flux.
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FLUX VS RADIAL PROFILE AT INNER COLL.
RADIAL DISTANCE (CM)
Fig. 21. Tankws model total flux.
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FLUX VS RADIAL PROFILE AT INNER COLL.
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Fig. 22. Solens model total flux.
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Fig, 23. Solews model total flux
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FLUX VS RADIAL PROFILE AT INNER COL.
RADIAL DISTANCE (CM)
Fig. 26. Solens model center cell source.
FLUX VS RADIAL PROFILE AT INNER COL.
RADIAL DISTANCE (CM)
Fig. 27. Soiews model center cell source.
oot:
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FLUX VS RADIAL PROFILE AT INNER COL.
RADIAL DISTANCE (CM)
Fig. 28a. Tankws non-scattered flux and UWM flux from the central cell
versus the radial profile on the inner collector.
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FLUX VS RADIAL PROFILE AT INNER COLL.
RADIAL DISTANCE (CM)
Fig. 28b. Tankws and UWM flux from the end cell versus the radial pro¬
file on the inner collector.
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more rapidly for radii greater than 100 cm in the case with structure.
For the solenoid cases in Figures 22, 23, 26, and 27, we see that the
flux drops off considerably faster than the corresponding tank geometry
results. This is particularly true of the solenoid runs with structure
included (Fig. 23 and 27.). This is more characteristic of the UWM
flux profile shown in Figure 28.
One feature which is common to all the geometries is that the
total and non-scattered fluxes are nearly the same at the center of the
inner collector, but for the tank, geometries deviate appreciably for
larger radii. The numerical value of this flux is also quite similar
among the different geometries, both tank and solenoid. Figure 28
shows a comparison between the radial flux distribution from the tankws
geometry and the UWM results. As one can see there is good agreement
with the center line uncollided flux, however as mentioned before the
fall off in flux is quite different for both end cell and center cell
sources. This is due presumably to the differences in the geometry.
Which shielding configuration will be adopted for the MARS reactor has
still not been firmly established.*^
Near the end of this study, we began to examine the fluxes in the
outer diagnostic cells defined in Figure 11. The insulator diagnostic
cells had very poor statistical error for the flux, but we can assume
it is very similar to values nearby, which we have already calculated
in many cases. The results we obtained for the fluxes in the cryopanel
diagnostic cells are interesting. These fluxes are shown below in
Table 5.
Table 5. Flux Over the Surface of Cryopanel Diagnostic Cells.
Model Neutron Flux (10^ neutron/cm^-sec)
cell 1 cell 2 cell 3 cell 4 cell 5 cell 6
Tankns cc* 360.0 290.9 266.8 220.6 293.0 317.5
ept 28.24 29.20 32.59 29.45 28.94 30.30
Tankws cc+ 400.5 407.0 398.6 392.3 399.1 406.9
ep+ 62.93 53.97 50.94 49.15 46.53 43.34
Solens cc# 47.65 42.87 56.91 57.33 69.11 75.20
ep* 1.170 1.220 1.310 1.160 1.500 2.710
Solews cc? 0.110 0.110 0.090 0.160 0.030 0.240
ep? 0.002 0.006 0.007 0.008 0.007 0.001
+ - 5% to 6% error; t - 8% to 12% error; # - :12% to 15% error; * - 20% to
22% error; ? - 30% to 85% error.
The very high fluxes of the cryopanel cells is primarily due to
low energy neutrons on the order of lO"^ MeV to 1 MeV. We believe that
these neutrons scattered off the back of the tank wall behind the PDC
and eventually arrived at the cryopanels. These faily low energy neu¬
trons will produce gamma rays which in turn may heat the cryopanels.
Further work is necessary to calculate these heating rates.
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VI. CONCLUSION
The most striking conclusion is that the choice of the end-tank
geometry significantly affects the PDC neutronics results. We have
also established that scattered components of the flux from center cell
sources are an important contributor to the total flux across the inner
and outer collectors, and the halo scraper. Our results suggest that
the dominant contributor to the flux is from the central cell. We have
also determined that the fluxes of low energy neutrons exist at the
cryopanel locations.
There are certain areas for further work. We have only treated
the radial dependence of the flux. The end-tank geometry, is not sym¬
metric about the axis of the end-plug. Therefore, the flux on the PDC
will have a dependence on the azimuthal angle. An area for further
work would be to make zones around the Z-axis as well as the radial
zones used in this work. This could be used to determine the azimuthal
angular dependence. Also, for the end-tank geometry, it would be use¬
ful to model the actual plasma shape rather than a cylindrical plasma.
Here we have only computed fluxes, however, a great deal can be
done with these values. For example, heating rates from neutrons and
neutron-induced gammas could be calculated in the different direct con¬
vertor regions. Also, damage rates and activation for the direct con¬
verter components can be computed using the fluxes generated here.
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Finally, work should be done on reducing the effective central
cell flux by cutting a "glory hole" in the rear of the tank wall. This
hole could be attached to a chamber designed to minimize neutron back
scatter, which should then reduce the fluxes on the outer regions of
the PDC, and on the cryopanels.
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APPENDIX A
TABLES OF RADIALLY DEPENDENT FLUXES AT THE PDC.
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Table 6. The End Cell Flux, the Center Cell Flux and the Corresponding






center cell flux error
radius (cm)
3.26981e+09 0.2830 9.67858e+ll 0.1650 0 to 10
4.19159e+09 0.1860 8.73184e+ll 0.0950 10 to 20
4.58920e+09 0.1790 5.50810e+ll 0.0960 20 to 30
7.47747e+09 0.3320 2.32727e+ll 0.1230 30 to 40
3.52292e+09 0.1210 9.66909e+10 0.2010 40 to 50
2.19991e+09 0.0580 2.95901e+10 0.1610 50 to 100
1.54298e+09 0.0690 1.76569e+10 0.1510 100 to 150
9.12755e+08 0.0710 1.37647e+10 0.1640 150 to 200
6.22883e+08 0.0800 1.09574e+10 0.1610 200 to 250
5.88723e+08 0.0990 9.12334e+09 0.1440 250 to 300
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Table 7. The End Cell Flux, the Center Cell Flux and the Corresponding






center cell flux error
radius (cm)
5.31371e+09 0.3190 8.10593e+ll 0.1900 0 to 10
5.81323e+09 0.2350 7.33310e+Il 0.0980 10 to 20
5.14515e+09 0.1790 5.85101e+ll 0.0800 20 to 30
5.05499e+09 0.1360 2.07557e+ll 0.0980 30 to 40
3.60723e+09 0.1200 9.66666e+ll 0.1490 40 to 50
2.68679e+09 0.0640 2.36680e+10 0.1080 50 to 100
1.83042e+09 0.0820 I.34815e+10 0.1310 100 to 150
1.11397e+09 0.0640 1.12872e+10 0.1180 150 to 200
7.77408e+08 0.0830 1.11034e+10 0.1230 200 to 250
7.24776e+08 0.0650 8.74682e+09 0.1150 250 to 300
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Table 8, The End Cell Flux, the Center Cell Flux and the Corresponding






center cell flux error
radius (cm)
2.74834e+09 0.3950 5.16666e+ll 0.1510 0 to 10
4.06761e+09 0.2390 4.32949e+ll 0.0970 10 to 20
4.29377e+09 0.3040 2.03496e+ll 0.1000 20 to 30
1.94793e+08 0.2040 1.79454e+10 0.2340 30 to 40
9.47949e+08 0.3250 5.82584e+09 0.2340 40 to 50
1.56511e+08 0.2020 5.53824e+09 0.1220 50 to 100
9.38768e+07 0.2420 3.90342e+09 0.1220 100 to 150
9.12450e+07 0.2180 3.51051e+09 0.1170 150 to 200
7.35352e+07 0.286 2.48152e+09 0.1210 200 to 250
4.9887e+07 0.3360 2.17333e+09 0.1230 250 to 300
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Table 9. The End Cell Flux, the Center Cell Flux and the Corresponding






center cel 1 fl ux error
radius (cm)
1.25107e+09 0.1990 1.06308e+ll 0.2130 0 to 10
1.39035e+09 0.1260 5.54605e+10 0.1310 10 to 20
9.11545e+08 0.1090 2.26684e+09 0.5230 20 to 20
2.27472e+08 0.0990 8.03640e+07 1.000 30 to 40
6.12188e+07 0.1660 4.16553e+07 1.000 40 to 50
3.34021e+06 0.2240 7.24637e+07 0.4330 50 to 100
1.25346e+07 0.3760 2.31711e+07 0.4150 100 to 150
2.81443e+06 0.4520 2.48399e+07 0.4960 150 to 200
2.44581e+06 0.5210 1.38560e+07 0.5130 200 to 250
1.21478e+06 0.5190 2.06943e+07 0.4690 250 to 300
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Table 10. The Values of Total Flux, and Non-scattered Flux Due to
Center Cell Source as a Function of Radial Position on the Inner








9.67858e+ll 0.1650 8.52843e+ll 0.1400 0 to 10
8.73184e+ll 0.0950 7.50479e+ll 0.0350 10 to 20
5.50810e+ll 0.0960 4.32758e+ll 0.0380 20 to 30
2.32727e+ll 0.1230 1.70267e+ll 0.1180 30 to 40
9.66909e+10 0.2010 6.13005e+10 0.1720 40 to 50
2.95901e+10 0.1610 4.99171e+09 0.2100 50 to 100
1.76569e+10 0.1510 6.78363e+08 0.4470 100 to 150
1.37647e+10 0.1640 1.80663e+06 1.0000 150 to 200
1.09574e+10 0.1610 0. 0.0000 200 to 250
9.12334e+09 0.1440 0. 0.0000 250 to 300
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Table 11. The Values of Total Flux, and Non-scattered Flux Due to
Center Cell Source as a Function of Radia
Collector in Model TANKNS.





rad 1US ( cm)
8.10593e+ll 0.1900 5.il738erll 0.1490 0 to 10
7.33310e+ll 0.0980 5.93898e+li 0.0800 10 to 20
5.85101e+ll 0.0800 4.68664e+l1 0.0700 20 c 0 30
2.07557e+ll 0.0980 1.65577e+ll 0.1000 30 to aO
9.66666e+10 0.1490 6.59631e+lU 0.1400 •0 to tij
2.36680e+10 0.1080 5.73547e+09 0.lb40 50 ► -«J -40
1.34815e+10 0.1310 9.39608e+07 i.OOOO IQQ to no
1.128726+10 0.1180 6.62315e+U7 1.OOOQ 150 to 200
1.11034e+10 0.1230 5.22580e+07 1.0000 200 to 250
8.74682e+09 0.115 0. 0.0000 250 to 300
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Table 12. The Values of Total Flux, and Non-scattered Flux Due to
Center Cell Source as a Function of Radial Position on the Inner








5.16666e+ll 0.1510 4.25234e+ll 0.1470 0 to 10
4.82949e+ll 0.0970 4.04652e+ll 0.0970 10 to 20
2.03496e+ll 0.1000 1.56290e+ll 0.1090 20 to 30
1.79454e+10 0.2340 1.17337e+10 0.3190 30 to 40
5.82584e+09 0.2340 5.43691e+08 1.0000 40 to 50
5.53824e+09 0.1220 6.34309e+07 1.0000 50 to 100
3.90342e+09 0.1120 1.23906e+08 0.7410 100 to 150
3.51051e+09 0.1170 5.42936e+07 0.7080 150 to 200
2.48152e+09 0.1210 2.36231e+07 1.0000 200 to 250
2.17333e+09 0.1230 1.94293e+07 1.0000 250 to 300
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Table 13. The Values of Total Flux, and Non-scattered Flux Due to
Center Cell Source as a Function of Radial i^osition on the Inner







rao 1 u s ' cm)
1.06309e+ll 0.2180 9.38607e+10 0,2200 i to 1.)
5.54605e+10 0.1810 4.64697e+10 0.1790 10 " 0 yn
2.26684e+09 0.5280 1.577258+09 0.6200 ■Jin ", 0
• ■>
. ~J
8.03640e+07 1.0000 0. O.OGOO 00 to
4.16553e+07 1.0000 0. ■J • iJwO'O • 0 -.j
7.24687e+07 0.4330 0. 0.0000 0 0 ^^
2.31711e+07 0.4150 0. O.OOGO :-.;o '0 150
2.48399e+07 0.4960 0. 0.0000 150 to 200
1.38560e+07 0.5130 0. 0.0000 200 to 250
2.06943e+07 0.4690 0. 0.0000 250 to 300
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Table 14. The Values of TANKWS Non-Scattered Flux and the UWM Flux
Due to Center Cell Source with the Cooresponding Radial Position on
the Inner Collector.
Center Cell flux (n/cm-cm-sec)
TANKWS flux error UWM flux
radius ( cm)
5.11788e+ll 0.1490 2.50000e+ll 0 to 10
5.93898e+ll 0.0800 1.70000e+10 10 to 20
4.58664e+ll 0.0700 5.80000e+09 20 to 30
1.65577e+ll 0.10000 0. 30 to •10
6.59631e+10 0.1400 0. an to 50
5.73547e+09 0.1640 0. -0 ; a 100
9.39608e+07 1.0000 0. 100 to 150
6.62315e+07 1.0000 0. 150 to 200
5.22580e+07 1.0000 0. 200 to 250
0. 0.0000 0. 250 to 300
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Table 15. TANKWS End Cell and the UViM End Cell Flux as Funcnicn of






5.31371e+09 0.3190 ■j. lOOOOe+09 ■'} to 10
5.81323e+09 0.2350 3.900000+10 iO to 20
5.14515e+09 0.1790 9.lOOOOe+uO 20 to 30
5.05499e+09 0.1360 2.500000+iO 30 to 40
3.60723e+09 0.1200 2.10000e+10 40 to 50
2.68679e+09 0.0640 i.OOOOOe+iO 50 CO 100
1.83042e+09 0.0820 6.00000e+'J9 100 to 150
1.113970+09 0.0540 2.00000e+iJ9 150 to 200
7.77408e+08 0.0830 1.20000e+09 200 to 250
7.24776e+08 0.0650 0. 250 to 300
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